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A study of D+pi−, D0pi+ and D∗+pi− final states is performed using
pp collision data, corresponding to an integrated luminosity of 1.0 fb−1,
collected at a centre-of-mass energy of 7 TeV with the LHCb detector.
The D1(2420)
0 resonance is observed in the D∗+pi− final state and the
D∗2(2460) resonance is observed in the D
+pi−, D0pi+ and D∗+pi− final
states. For both resonances, their properties and spin-parity assignments
are obtained. In addition, two natural parity and two unnatural parity
resonances are observed in the mass region between 2500 and 2800 MeV.
Further structures in the region around 3000 MeV are observed in all
the D∗+pi−, D+pi− and D0pi+ final states. Using three- and four-body
decays of D mesons produced in semileptonic b-hadron decays, precision
measurements of D meson mass differences are made together with a
measurement of the D0 mass.
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1 Introduction
Charm meson spectroscopy provides a powerful test of the quark model predictions of
the Standard Model. Many charm meson states, predicted in the 1980s [1], have not
yet been observed experimentally. The JP states having P = (−1)J and therefore
JP = 0+, 1−, 2+, ... are called natural parity states and are labelled as D∗, while
unnatural parity indicates the series JP = 0−, 1+, 2−, .... Apart from the ground
states (D,D∗), only two of the 1P states, D1(2420) and D
∗
2(2460), are experimentally
well established since they have relatively narrow widths (∼30MeV). ∗ In contrast,
the broad L = 1 states, D∗0(2400) and D
′
1(2430), have been established by the Belle
and BaBar experiments in exclusive B decays [2, 3]. A search for excited charmed
mesons, labelled DJ , has been performed by BaBar [4]. They observe four signals,
labelled D(2550)0, D∗(2600)0, D(2750)0 and D∗(2760)0, and the isospin partners
D∗(2600)+ and D∗(2760)+.
This study [5] reports a search for DJ mesons in a data sample, corresponding
to an integrated luminosity of 1.0 fb−1, of pp collisions collected at a centre-of-mass
energy of 7 TeV with the LHCb detector.
2 Event selection
The search for DJ mesons is performed using the inclusive reactions
pp→ D+pi−X, pp→ D0pi+X, pp→ D∗+pi−X, (1)
where X represents a system composed of any collection of charged and neutral
particles †.
The charmed mesons in the final state are reconstructed in the decay modes
D+ → K−pi+pi+, D0 → K−pi+ and D∗+ → D0pi+. Charged tracks are required to
have good track fit quality, momentum p > 3GeV and pT > 250MeV. These condi-
tions are relaxed to lower limits for the pion originating directly from the D∗+ decay.
The cosine of the angle between the momentum of the D meson candidate and its
direction, defined by the positions of the primary vertex and the meson decay vertex,
is required to be larger than 0.99999. This ensures that the D meson candidates are
produced at the primary vertex and reduces the contribution from particles originat-
ing from b-hadron decays. The purity of the charmed meson candidates is enhanced
by requiring the decay products to be identified by the RICH detectors.
The reconstructed D+, D0 and D∗+ candidates are combined with all the right-
sign charged pions in the event. Each of the D+pi−, the D0pi+, and the D∗+pi−
∗We work in units where c = 1.
†Throughout the paper use of charge-conjugate decay modes is implied.
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candidates are fitted to a common vertex with χ2/ndf < 8, where ndf is the number
of degrees of freedom.
In order to reduce combinatorial background, the cosine of the angle between the
momentum direction of the charged pion in the D(∗)pi± rest frame and the momentum
direction of the D(∗)pi± system in the laboratory frame is required to be greater than
zero. It is also required that the D(∗) and the pi± point to the same primary vertex.
3 Mass spectra
The D+pi−, D0pi+ and D∗+pi− mass spectra are shown in Fig. 1. A further reduction
of the combinatorial background is achieved by performing an optimization of the
signal significance and purity as a function of pT of the D
(∗)pi± system using the well
known D1(2420) and D
∗
2(2460) resonances.
‡ After the optimization 7.9×106, 7.5×106
and 2.1×106 D+pi−, D0pi+ and D∗+pi− candidates are obtained.
We analyze, for comparison and using the same selections, the wrong-sign D+pi+,
D0pi− and D∗+pi+ combinations which are also shown in Fig. 1.
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Figure 1: Invariant mass distribution for (a) D+pi−, (b) D0pi+ and (c) D∗+pi− candidates
(points). The full line histograms (in red) show the wrong-sign mass spectra for (a) D+pi+,
(b) D0pi− and (c) D∗+pi+ normalized to the same yield at high D(∗)pi masses.
The D+pi− mass spectrum, Fig. 1(a), shows a double peak structure around
2300 MeV due to cross-feed from the decay
D1(2420)
0 or D∗2(2460)
0 → pi−D∗+(→ D+pi0/γ) (32.3%), (2)
where the pi0/γ is not reconstructed; the last number, in parentheses, indicates the
branching fraction of D∗+ → D+pi0/γ decays. We observe a strong D∗2(2460)0 sig-
nal and weak structures around 2600 and 2750 MeV. The wrong-sign D+pi+ mass
spectrum does not show any structure.
‡We use the generic notation D to indicate both neutral and charged D mesons.
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The D0pi+ mass spectrum, Fig. 1(b), shows an enhanced double peak structure
around 2300 MeV due to cross-feed from the decays
D1(2420)
+ or D∗2(2460)
+ → pi+D∗0 (→ D0pi0) (61.9%)
(→ D0γ) (38.1%) .
(3)
The D∗2(2460)
+ signal and weak structures around 2600 and 2750 MeV are observed.
In comparison, the wrong-sign D0pi− mass spectrum does show the presence of struc-
tures in the 2300 MeV mass region, similar to those observed in the D0pi+ mass
spectrum. These structures are due to cross-feed from the decay
D1(2420)
0 or D∗2(2460)
0 → pi−D∗+(→ D0pi+) (67.7%) . (4)
TheD∗+pi− mass spectrum, Fig. 1(c), is dominated by the presence of theD1(2420)
0
and D∗2(2460)
0 signals. At higher mass, complex broad structures are evident in the
mass region between 2500 and 2800 MeV.
4 Mass fit model
Using Monte Carlo simulations, We estimate resolutions which, in the mass region
between 2000 and 2900 MeV, are similar for the three mass spectra and range from 1.0
to 4.5 MeV as a function of the mass. Since the widths of the resonances appearing in
the three mass spectra are much larger than the experimental resolutions, resolution
effects are neglected.
Binned χ2 fits to the three mass spectra are performed. The D∗2(2460) and
D∗0(2400) signal shapes in two-body decays are parameterized with a relativistic Breit-
Wigner that includes the mass-dependent factors for a D-wave and S-wave decay,
respectively. The radius entering in the Blatt-Weisskopf [6] form factor is fixed to
4 GeV−1. Other resonances appearing in the mass spectra are described by Breit-
Wigner lineshapes. All Breit-Wigner expressions are multiplied by two-body phase
space. The cross-feed lineshapes from D1(2420) and D
∗
2(2460) appearing in the D
+pi−
and D0pi+ mass spectra are described by a Breit-Wigner function fitted to the data.
The background B(m) is described by an empirical shape [4]
B(m) = P (m)ea1m+a2m
2
for m < m0,
B(m) = P (m)eb0+b1m+b2m
2
for m > m0, (5)
where P (m) is the two-body phase space and m0 is a free parameter. The two
functions and their first derivatives are required to be continuous at m0 and therefore
the background model has four free parameters.
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5 Fit to the D∗+pi− mass spectrum
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Figure 2: Fit to the D∗+pi− mass spectrum, enhanced unnatural parity sample. The
dashed (blue) line shows the fitted background, the dotted lines the D1(2420)
0 (red) and
D∗2(2460)
0 (blue) contributions. The inset displays the D∗+pi− mass spectrum after sub-
tracting the fitted background. The full line curves (red) show the contributions from
DJ(2580)
0, DJ(2740)
0, and DJ (3000)
0. The dotted (blue) lines display the D∗
J
(2650)0 and
D∗
J
(2760)0 contributions. The top window shows the pull distribution where the horizontal
lines indicate ±3σ. The pull is defined as (Ndata −Nfit)/
√
Ndata.
Due to the three-body decay and the availability of the helicity angle information,
the fit to the D∗+pi− mass spectrum allows a spin analysis of the produced resonances
and a separation of the different spin-parity components. We define the helicity angle
θH as the angle between the pi
− and the pi+ from the D∗+ decay, in the rest frame of
the D∗+pi− system. Full detector simulations are used to measure the efficiency as a
function of θH, which is found to be uniform.
It is expected that the angular distributions are proportional to sin2 θH for natural
parity resonances and proportional to 1 + h cos2 θH for unnatural parity resonances,
where h > 0 is a free parameter. The D∗pi decay of a JP = 0+ resonance is forbidden.
Therefore candidates selected in different ranges of cos θH can enhance or suppress the
Table 1: Definition of the categories selected by different ranges of cos θH, and fraction of
the total natural parity contribution.
Category Selection natural parity fraction (%)
Enhanced unnatural parity sample | cos θH| > 0.75 8.6
Natural parity sample | cos θH| < 0.5 68.8
Unnatural parity sample | cos θH| > 0.5 31.2
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Table 2: Resonance parameters, yields and statistical significances. The first uncertainty
is statistical, the second systematic.
Resonance Final state Mass (MeV) Width (MeV) Yields ×103 Significance
D1(2420)0 D∗+pi− 2419.6 ± 0.1 ± 0.7 35.2 ± 0.4 ± 0.9 210.2 ± 1.9 ± 0.7
D
∗
2
(2460)0 D∗+pi− 2460.4 ± 0.4 ± 1.2 43.2 ± 1.2 ± 3.0 81.9 ± 1.2 ± 0.9
D
∗
J
(2650)0 D∗+pi− 2649.2 ± 3.5 ± 3.5 140.2 ± 17.1 ± 18.6 50.7 ± 2.2 ± 2.3 24.5
D∗
J
(2760)0 D∗+pi− 2761.1 ± 5.1 ± 6.5 74.4 ± 3.4 ± 37.0 14.4 ± 1.7 ± 1.7 10.2
DJ(2580)
0
D
∗+
pi
− 2579.5 ± 3.4 ± 5.5 177.5 ± 17.8 ± 46.0 60.3 ± 3.1 ± 3.4 18.8
DJ(2740)
0
D
∗+
pi
− 2737.0 ± 3.5 ±11.2 73.2 ± 13.4 ± 25.0 7.7 ± 1.1 ± 1.2 7.2
DJ(3000)
0 D∗+pi− 2971.8 ± 8.7 188.1 ± 44.8 9.5 ± 1.1 9.0
D
∗
2
(2460)0 D+pi− 2460.4 ± 0.1 ± 0.1 45.6 ± 0.4 ± 1.1 675.0 ± 9.0 ± 1.3
D
∗
J
(2760)0 D+pi− 2760.1 ± 1.1 ± 3.7 74.4 ± 3.4 ±19.1 55.8 ± 1.3 ± 10.0 17.3
D∗
J
(3000)0 D+pi− 3008.1 ± 4.0 110.5 ± 11.5 17.6 ± 1.1 21.2
D∗
2
(2460)+ D0pi+ 2463.1 ± 0.2 ± 0.6 48.6 ± 1.3 ± 1.9 341.6 ± 22.0 ± 2.0
D∗
J
(2760)+ D0pi+ 2771.7 ± 1.7 ± 3.8 66.7 ± 6.6 ±10.5 20.1 ± 2.2 ± 1.0 18.8
D
∗
J
(3000)+ D0pi+ 3008.1 (fixed) 110.5 (fixed) 7.6 ± 1.2 6.6
different spin-parity contributions. We separate the D∗+pi− data into three different
categories, summarized in Table 1.
The data and fit for the D∗+pi− enhanced unnatural parity sample are shown in
Fig. 2(a) and the resulting fit parameters are summarized in Table 2. The mass
spectrum is dominated by the presence of the unnatural parity D1(2420)
0 resonance.
The fitted natural parity D∗2(2460)
0 contribution is consistent with zero, as expected.
To obtain a good fit to the mass spectrum, three further resonances are needed. We
label them DJ(2580)
0, DJ(2740)
0, and DJ(3000)
0. The presence of these states in
this sample indicates unnatural parity assignments.
The masses and widths of the unnatural parity resonances are fixed in the fit
to the natural parity sample. The fit is shown in Fig. 2(b) and the obtained reso-
nance parameters are summarized in Table 2. The mass spectrum shows that the
unnatural parity resonance D1(2420)
0 is suppressed with respect to that observed in
the enhanced unnatural parity sample. There is a strong contribution of the natural
parity D∗2(2460)
0 resonance and contributions from the DJ(2580)
0, DJ(2740)
0 and
DJ(3000)
0 states. To obtain a good fit, two additional resonances are needed, which
we label D∗
J
(2650)0 and D∗
J
(2760)0.
Table 2 summarizes the measured resonance parameters and yields. The signif-
icances are computed as
√
∆χ2 where ∆χ2 is the difference between the χ2 values
when a resonance is included or excluded from the fit while all the other resonances
parameters are allowed to vary. All the statistical significances are well above 5σ.
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6 Spin-parity analysis of the D∗+pi− system
In order to obtain information on the spin-parity assignment of the states observed
in the D∗+pi− mass spectrum, the data are subdivided into ten equally spaced bins in
cos θH. The ten mass spectra are then fitted with the model described above with fixed
resonance parameters to obtain the yields as functions of cos θH for each resonance.
The resulting distributions for D1(2420)
0 and D∗2(2460)
0 are shown in Fig. 3(a)-
(b). A good description of the data is obtained in terms of the expected angular
distributions for JP = 1+ and JP = 2+ resonances.
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Figure 3: Distributions of (a) D1(2420)0, (b) D∗2(2460)
0, (c) D∗
J
(2650)0 and (d) D∗
J
(2760)0
candidates as functions of the helicity angle cos θH. The distributions are fitted with natural
parity (black continuous), unnatural parity (red, dashed) and JP = 0− (blue, dotted)
functions.
Figure 3(c)-(d) shows the resulting distributions for the D∗
J
(2650)0 and D∗
J
(2760)0
states. In this case we compare the distributions with expectations from natural par-
ity, unnatural parity and JP = 0−. In the case of unnatural parity, the h parameter,
in 1 + h cos2 θH, is constrained to be positive and therefore the fit gives h = 0. In
both cases, the distributions are best fitted by the natural parity hypothesis.
Figure 4 shows the angular distributions for theDJ(2580)
0,DJ(2740)
0 andDJ(3000)
0
states. The distributions are fitted with natural parity and unnatural parity. The
JP = 0− hypothesis is also considered for DJ(2580)
0. In all cases unnatural parity is
preferred over a natural parity assignment.
7 Fit to the D+pi− and D0pi+ mass spectra
The D+pi− and D0pi+ mass spectra consist of natural parity resonances. However
these final states are affected by cross-feed from all the resonances that decay to the
D∗pi final state. Figures 1(a)-(b) show (in the mass region around 2300 MeV) cross-
feed contributions from D1(2420) and D
∗
2(2460) decays. However we also expect (in
the mass region between 2400 and 2600 MeV) the presence of structures originating
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Figure 4: Distributions of (a) DJ(2580)0, (b) DJ(2740)0 and (c) DJ(3000)0 candidates
as functions of the helicity angle cos θH. The distributions are fitted with natural parity
(black continuous) and unnatural parity (red, dashed) functions. In (a) the JP = 0− (blue,
dotted) hypothesis is also tested.
from the complex resonance structure present in the D∗pi mass spectrum in the mass
region between 2500 and 2800 MeV.
To obtain an estimate of the lineshape and size of the cross-feed, we normalize the
D∗+pi− mass spectrum to the D+pi− mass spectrum using the sum of the D1(2420)
0
and D∗2(2460)
0 yields in the D∗+pi− mass spectrum and the sum of the cross-feed in
the D+pi− mass spectrum. To obtain the expected lineshape of the cross-feed in the
D+pi− final state, we perform a study based on a generator level simulation. We gen-
erate D∗
J
(2650)0, D∗
J
(2760)0, DJ(2580)
0 and DJ(2740)
0 decays according to the chain
described in Eq. (2). We then compute the resulting D+pi− mass spectra and normal-
ize each contribution to the measured yields. The overall resulting structures are then
properly scaled and superimposed on the D+pi− mass spectrum shown in Fig. 5(a).
A similar method is used for the D0pi+ final state and the resulting contribution is
superimposed on the D0pi+ mass spectrum shown in Fig. 5(b). To obtain good qual-
ity fits we add broad structures around 3000 MeV, which we label D∗
J
(3000)0 and
D∗
J
(3000)+.
The fits to the D+pi− and D0pi+ mass spectra are shown in Fig. 5(a) and Fig. 5(b),
respectively. Several cross-checks are performed to test the stability of the fits and
their correct statistical behaviour. We first repeat all the fits, including the spin-
parity analysis, lowering the pT requirement from 7.5 to 7.0 GeV. We find that all the
resonance parameters vary within their statistical uncertainties and that the spin-
parity assignments are not affected by this selection. Then we perform fits using
random variations of the histogram contents and background parameters. The various
estimated systematic uncertainties are added in quadrature.
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Figure 5: (a) Fit to the D+pi− mass spectrum and (b) to the D0pi+ mass spectrum. The
filled histogram (in red) shows the estimated cross-feeds from the high massD∗pi resonances.
8 Precision measurement of D meson mass differ-
ences
Using three- and four-body decays of D mesons produced in semileptonic b-hadron
decays, precision measurements of D meson mass differences are made together with
a measurement of the D0 mass [8]. The selection uses only well reconstructed charged
particles that traverse the entire tracking system. Further background suppression is
achieved by exploiting the fact that the products of heavy flavour decays have a large
distance of closest approach (‘impact parameter’) with respect to the pp interaction
vertex in which they were produced. The impact parameter χ2 with respect to any
primary vertex is required to be larger than nine.
Charged particles are combined to form D0 → K+K−pi+pi−, D0 → K+K−K−pi+
and D+(s) → K+K−pi+ candidates. To eliminate kinematic reflections due to misiden-
tified pions, the invariant mass of at least one kaon pair is required to be within
±12 MeV/c2 of the nominal value of the φ meson mass. Each candidate D meson is
combined with a well-identified muon that is displaced from the pp interaction vertex
to form a B candidate, requiring the muon and the D candidate to originate from a
common point.
The D meson masses are determined by performing extended unbinned maximum
likelihood fits to the invariant mass distributions. In these fits the background is
modelled by an exponential function and the signal by the sum of a Crystal Ball [9]
and a Gaussian function. The Crystal Ball component accounts for the presence of
the QED radiative tail. The fits for the D0 decay modes and the K+K−pi+ final state
are shown in Fig. 6.
The resulting values of the D+ and D+
s
masses are in agreement with the current
world averages. These modes have relatively large Q-values and consequently the
8
systematic uncertainty due to the knowledge of the momentum scale is at the level of
0.3 MeV/c2. Hence, it is chosen not to quote these values as measurements. Similarly,
the systematic uncertainty due to the momentum scale for the D0 → K+K−pi+pi−
mode is estimated to be 0.2 MeV/c2 and the measured mass in this mode is not used
in the D0 mass determination.
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Figure 6: Invariant mass distributions for the (a) K+K−pi+pi− and (b) K+K−K−pi+ final
states. Invariant mass distribution for the K+K−pi+ final state.
We obtain
M(D0) = 1864.75 ± 0.15 (stat) ± 0.11 (syst) MeV/c2,
M(D+) − M(D0) = 4.76 ± 0.12 (stat) ± 0.07 (syst) MeV/c2,
M(D+
s
) − M(D+) = 98.68 ± 0.03 (stat) ± 0.04 (syst) MeV/c2,
where dominant systematic uncertainty is related to the knowledge of the momentum
scale.
The measurements presented here, together with those given in Ref. [7] for the
D+ and D0 mass, and the mass differences M(D+)−M(D0), M(D+
s
)−M(D+) can
be used to determine a more precise value of the D+
s
mass
M(D+
s
) = 1968.19± 0.20± 0.14± 0.08MeV/c2, (6)
where the first uncertainty is the quadratic sum of the statistical and uncorrelated
systematic uncertainty, the second is due to the momentum scale and the third due
to the energy loss. This value is consistent with, but more precise than, that obtained
from the fit to open charm mass data, M(D+
s
) = 1968.49± 0.32 MeV/c2 [7].
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